While impairments in memory recall are apparent in aging, older adults show a remarkably preserved ability to selectively remember information deemed valuable. Here, we use fMRI to compare brain activation in healthy older and younger adults during encoding of high and low value words to determine whether there are differences in how older adults achieve value-directed memory selectivity. We find that memory selectivity in older adults is associated with value-related changes in activation during word presentation in left hemisphere regions that are involved in semantic processing, similar to young adults. However, highly selective young adults show a relatively greater increase in semantic network activity during encoding of high-value items, whereas highly selective older adults show relatively diminished activity during encoding of low-value items. Additionally, only younger adults showed value-related increases in activity in semantic and reward processing regions during presentation of the value cue preceding each to-be-remembered word. Young adults therefore respond to cue value more proactively than do older adults, yet the magnitude of value-related differences in cue period brain activity did not predict individual differences in memory selectivity. Thus, our data also show that age-related reductions in prestimulus activity do not always lead to inefficient performance.
Introduction
People often need to remember information that has been labeled as important, at the expense of information deemed to be less important. Some information may be especially important to learn, because doing so will yield a subsequent reward. A number of neuroimaging studies (e.g., Adcock et al., 2006; Düzel et al., 2010; Bunzeck et al., 2012; Wolosin et al., 2012; Gruber et al., 2014) have examined how dopaminergic reward-sensitive brain regions interact with the hippocampus to enhance intentional encoding of motivationally significant items (for review, see Shohamy and Adcock, 2010) . In our recent study (Cohen et al., 2014) , we examined how reward affects verbal memory under conditions that encourage the adoption of different encoding strategies for high-value and low-value items. We found that the degree to which value affects memory on a subsequent free recall test correlates with value-related differences in activity in a largely left-lateralized network of brain regions: L ventrolateral prefrontal cortex (VLPFC)/inferior frontal gyrus (IFG), L posterior lateral temporal cortex, bilateral posterior medial prefrontal cortex/pre-supplementary motor area (pre-SMA), and L caudate. All of these regions have been associated with semantic processes (Binder et al., 2009 ), which we believe are being modulated as part of a conscious strategy to deeply encode the high value words (Galli, 2014) . Thus, our results-collected from a sample of healthy young adults-were the first to emphasize that reward can modulate memory via the intentional, differential use of effective encoding strategies, beyond its role in activating the mesolimbic dopamine system.
Effects of aging on the relationship between item value and memory performance
Another important question is how the cognitive and neural mechanisms by which value affects memory encoding change across the lifespan. Prior work has not directly addressed how the neural mechanisms of this process change in older adults. However, there is some relevant behavioral work. For instance, Spaniol et al. (2014) presented older and younger adults with a version of the task paradigm used by Adcock et al. (2006) , in which value is believed to affect memory predominantly by increasing activation in the mesolimbic dopamine system. Spaniol and colleagues found no interaction between age and value on hit rates in a subsequent recognition test, meaning that highreward conditions led to similar improvements in memory across age groups, despite overall poorer memory in older adults, and despite evidence for age-related neural degradation in dopamine-producing regions of the midbrain (e.g., Bunzeck et al., 2007) . Castel et al. (2002 Castel et al. ( , 2009 ) have examined how age affects valuebased modulation of memory in a context in which subjects must prioritize recall of high value information (see also Hayes et al., 2013) . Although older adults do recall fewer items than young adults in these studies, their selectivity index, a measure of how strongly value affects memory, tends to be as high, or in some cases even higher, than that seen in young adults. Thus, regardless of the mechanism by which value affects memory, healthy older adults appear to retain the ability to remember the things that are most important to the task at hand even as their overall memory gets worse.
Temporal shifts in brain activity with aging
One key question that we address in the present study pertains to the timing of value-related activity changes. Namely, are activity modulations triggered immediately in response to the cue stimuli that indicate the value of an upcoming word, or do these modulations occur later, during presentation of the word itself? We are also interested in understanding how these temporal patterns may change with age. Adcock et al. (2006) found increased activity in reward-sensitive regions and in medial temporal lobe (MTL) structures during high-value cues, relative to low-value cues, as well as a subsequent memory effect for high-value items in particular. Although there were value-related differences in MTL activity during stimulus presentation, they did not find value effects in reward regions during presentation of the to-beremembered picture stimuli. The importance of activity in dopaminergic regions, particularly during the cue period, follows from animal work showing that exposure to dopamine agonists a few minutes prior to stimulus presentation can lower the threshold for long-term potentiation (LTP) in the hippocampus (e.g., Li et al., 2003) . Thus, there is a mechanistic explanation for why strengthening of encoding would specifically occur for items presented after a reward cue (although see Murayama and Kitagami, 2014 , for an example of putative dopamine-driven memory enhancement in humans when the memory stimulus is presented prior to the reward).
Other prior research has shown that brain activity in MTL and neocortical regions in response to a cue indicating how to encode an upcoming item can also differ as a function of subsequent memory status. One such study used electroencephalography (EEG) to measure event-related potentials (ERP) evoked in response to cue stimuli signaling the need for an imminent semantic decision about an upcoming word (Otten et al., 2006) . The magnitude of these pre-stimulus ERP effects in frontal and posterior regions of the cortex was linked to the subsequent mnemonic fate of these items. Gruber and Otten (2010) examined how pre-stimulus ERP effects are affected by reward, and found a diffusely-localized pattern of more positive ERP activity during high-value cues relative to low-value cues, particularly when the high-value words that followed a given cue were later recognized with high confidence. Pre-stimulus activity was not associated with better memory when the cue was lowvalue, however, suggesting that these pre-stimulus effects are sensitive to motivation. Other studies have used functional magnetic resonance imaging (fMRI) to examine effects of pre-stimulus activity on subsequent memory, allowing for better localization of where the relevant activity is taking place. Subsequent memory effects in response to pre-stimulus cues have been shown bilaterally in MTL (Park and Rugg, 2010) , as well as in lateral prefrontal cortex (PFC) and lateral/medial parietal cortex (Addante et al., 2015) . These authors have suggested that subsequent memory effects based on pre-stimulus activity likely result from the adoption of a "preparatory set", in which the brain is more prepared to engage effective encoding operations once the to-be-remembered item appears.
There is reason to believe that older adults might be less able to benefit from pre-stimulus cues than young adults. For instance, Bollinger et al. (2010) showed that young adults tend to show more fusiform face area (FFA) activity, and more connectivity between FFA and fronto-parietal control regions, in response to a cue that the to-beencoded item about to appear is a face, compared to when no informative cue is presented or when the cue indicates that a scene is about to appear. Memory for face stimuli, in response to an immediate working memory probe and also after a 30-minute delay, was better when such a cue was presented, and the degree of cue-related memory benefit was correlated with the degree of enhanced connectivity between FFA and specific fronto-parietal regions. Thus, the increase in FFA/ fronto-parietal connectivity, induced by presentation of the informative cue, appears to have strengthened encoding in young adults. Older adults did not show a change in FFA activity or connectivity in response to the cue, nor did they show memory benefits in response to the cue (Bollinger et al., 2011) . Based on these findings, Bollinger et al. (2011) proposed an "expectation deficit hypothesis of cognitive aging," suggesting that an inability to utilize informative cues underlies some aging-related cognitive deficits.
Other work has suggested that older adults tend to rely more heavily on activity later in a trial to compensate for a lack of activity in response to an earlier cue. Dew et al. (2012) found such a pattern in MTL and left dorsolateral PFC (DLPFC) regions during a memory retrieval task. Specifically, young adults show more activity than older adults during a pre-stimulus cue indicating what type of stimulus will need to be retrieved, while older adults show more activity later in the trial, during memory retrieval. Dew et al. refer (Braver, 2012; Braver et al., 2007 Braver et al., , 2009 , which has been influential in the domain of cognitive control, to the domain of memory retrieval. Braver et al. (2009) found that young adults are more likely to keep a task set in working memory in anticipation of relevant stimuli appearing later, referred to as a proactive mode of cognitive control. By contrast, older adults tend to use a more reactive mode of cognitive control, waiting to engage cognitive control mechanisms until the appearance of a stimulus for which control is required. Based on this prior literature, we might expect that when participants encode to-be-remembered words, as in the present study, young adults will be more likely to show value-related changes in brain activity during the value cues that precede the words, while older adults will only show value-related differences in activity after the word appears.
Spatial shifts in brain activity with aging
Another important focus of the present study is on how aging might lead to shifts in the localization of value-related differences in encodingrelated activity, either in an attempt to compensate for aging-related deficits, or as a consequence of those deficits. Logan et al. (2002) found, for instance, that older adults typically show less activity in the left VLPFC than young adults when asked to remember words. However, the difference largely disappears when the depth of semantic processing is controlled by the experimenter. Logan et al. (2002) also found that unlike young adults, for whom VLPFC activity was largely leftlateralized during word encoding, older adults showed nearly as much activity in right VLPFC as in left VLPFC when they did engage this area. Logan et al. concluded that the right hemisphere activation was due to less efficient processing. This interpretation, known as dedifferentiation, implies that an aging-related reduction in lateralization and/or neuroanatomical specialization contributes to deficits in cognitive functioning (see also Li et al., 2001) . Cabeza (2002) , however, proposed that activity in the contralateral hemisphere is an attempt to compensate for degradation in the areas in which processing is typically performed. There is striking evidence in favor of compensation in certain contexts. For instance, Cabeza et al. (2002) used a retrieval task in which the key contrast showed activity in right anterior PFC and right DLPFC in young adults. In lowerfunctioning older adults, activity was still entirely right-lateralized. High-functioning older adults showed a different pattern, however, recruiting left anterior PFC in addition to right anterior PFC.
During encoding, as opposed to at retrieval, activity tends to be more left-lateralized in young adults, and the evidence has been more mixed as to whether reduced prefrontal laterality in older adults (such as that observed by Logan et al., 2002) reflects compensation. Rosen et al. (2002) found support for the compensation account; they compared semantic encoding blocks to shallow encoding blocks, and found greater enhancement of right VLPFC activity on semantic blocks in higher-performing older adults, relative to young adults and lowerperforming older adults. At the same time, others (e.g., Rossi et al., 2004) have found evidence that activity in the contralateral hemisphere is not beneficial for left-hemisphere-dominant encoding tasks, but it does support performance in right-hemisphere-dominant retrieval tasks.
A somewhat different perspective on how aging affects PFC function has been proposed by Rajah and D'Esposito (2005) ; specifically, they suggest that effects of aging vary by region. In VLPFC, increased bilateral recruitment does not seem to enhance performance (e.g., Logan et al., 2002) , and thus those activations likely reflect either dedifferentiation or failed attempts at compensation. However, there does not appear to be a primary functional deficit in this region in older adults; when VLPFC is properly engaged, older adults can perform successfully on tasks relying upon this region. By contrast, in dorsal and anterior PFC, there is a distinction across hemispheres. In the right hemisphere, there seems to be a true functional deficit with aging; even when these regions are activated, they do not contribute to task performance in older adults. In the left hemisphere, by contrast, more dorsal and anterior PFC regions seem to be able to compensate for dysfunction in the homologous right hemisphere regions.
The present study
In the present fMRI study, we examine whether brain activation associated with value-related selectivity in healthy older adults differs from that in younger adults in terms of its temporal and spatial pattern. While older and younger adults often exhibit a similar degree of selectivity on the value-directed remembering task, it is unclear if the neural mechanisms supporting selectivity are the same. Because selective remembering of valuable information is relatively preserved in older adults, this paradigm is a particularly appropriate one in which to examine neural mechanisms of compensation in the aged brain.
Materials and methods

Participants
Twenty-five older adults were recruited to participate in the study via flyers posted at the UCLA Medical Center, and via flyers and newsletter postings in the broader West Los Angeles and San Fernando Valley communities. Data from two participants were excluded from all analyses due to neurological abnormalities detected during scanning (one cavernoma, one meningioma).
The remaining 23 older adult participants (mean age = 68.70 years, SD = 5.72 years, range = 60-80 years; 13 female) were all righthanded native English speakers with no neurological abnormalities. In addition, none of these individuals reported currently taking psychoactive medication for a major psychiatric disorder. All participants scored at least a 27 on a version of the Mini-Mental State Exam (Folstein et al., 1975) , and had either normal or corrected-to-normal vision. Written informed consent was obtained from each participant, and all procedures were approved by UCLA's Medical Institutional Review Board. Participants were paid a base rate of $15/h, plus additional bonus money based on performance on two additional tasks that were conducted during the same session; these two tasks were performed after the main experiment and are not reported here. For two participants, complete data sets were only available for 4 out 5 functional scanning runs (due to time constraints and technical difficulties, respectively). Finally, behavioral data from the practice session were unavailable for 2 individuals.
The young adult comparison group for this study (N = 20) has been described previously (Cohen et al., 2014) . They met similar inclusion criteria as the older adults, with the following demographics: mean age = 21.65 years, SD = 3.66, age range = 18-30 years, 11 females.
Task stimuli and behavioral procedures
The task paradigm was identical to that used in our previous study of young adults (Cohen et al., 2014) . Each trial began with a cue stimulus indicating how many points could be earned if the ensuing word stimulus was later recalled in a memory test. Value cues were presented as digits inside of a gold "coin", and values could be either high (10, 11, or 12 points) or low (1, 2, or 3 points). The cue (2 s) was followed by a jittered fixation cross (25% 3 s, 25% 4.25 s, 25% 5.5 s, 25% 6.75 s). Then, the to-be-remembered word was presented (3.5 s) followed by another fixation (1.5 s). Finally, participants were presented with a vowel-consonant judgment task for 3.75-8.75 s. In this task, 2-6 letters (50% of trials: 2 letters, 25% 4 letters, 25% 6 letters) were presented, one at a time, in a pseudo-random order, with an approximately equal number of vowels and consonants presented. Each letter was shown for a duration of 1 s, followed by a 0.25 s fixation between letters, and a 1.5 s blank screen after the final letter. The active baseline period was intended to partially constrain rehearsal to the time period when the word was actually on the screen.
Each list included 24 different words. Half of these words were arbitrarily assigned a high point value and the other half were assigned a low point value (with 4 words at each specific value level); value assignment was counterbalanced across participants. All words were drawn from clusters 6 and 7 of the Toglia and Battig (1978) word norms. All were 4-8 letter nouns, rated as highly familiar (range 5.5-7 on a 1-7 scale), moderate to high on concreteness and imagery (range 4-6.5 on a 1-7 scale), and moderate in pleasantness (range 2.5-5.5 on a 1-7 scale). Each list began with 10 s of fixation and ended with an extra 15 s of the vowel-consonant task. Within about 10-20 s after the end of each scanning run, the recall test began, and the participant was given 90 s to recall as many words as possible from the preceding list. Immediately after recall was complete, the experimenter scored the test, and gave feedback on the point score earned for that list. Participants completed five such study-test cycles in the scanner, with one list per scanning run; list order was counterbalanced across participants.
Prior to scanning, participants were given detailed instructions about the value-directed memory task, and then completed six practice items, followed by two full practice lists. Each of the two full practice lists included recall tests with feedback. Prior work has shown that selectivity is typically stronger on the third and subsequent lists than on the first two lists (Ariel and Castel, 2014; Castel, 2008; McGillivray and Castel, 2011) . Thus, we assumed that by presenting two full lists prior to scanning, strategy use would be relatively well established and consistent in the scanner.
Following the scan, we gave participants a paper-and-pen questionnaire that included open-ended questions about what encoding strategy they used, whether the strategy that they used changed across lists, and whether they did anything differently for the high-value items. We also asked whether they rehearsed words during the fixation period between cue and target word and/or during the vowel/consonant task, and if so what type of words they rehearsed (e.g., high-value words, most recent words, etc.). Based on the responses to these questions, it was possible to gain a rough measure of whether and how strongly item value affected explicit encoding processes, as well as the type of encoding strategy a given participant generally used (e.g., deep, meaning-based encoding vs. shallower rote-rehearsal type strategies). An analysis of how these questionnaire responses correspond to individual differences in the behavioral data is included in the Supplemental Results.
We computed each participant's memory selectivity index for each list using the formula [(actual score − chance score) / (ideal score − chance score)], as described in prior literature (Castel et al., 2002; Watkins and Bloom, 1999) . We then averaged the selectivity indices across all scanned lists to yield a single score, weighting the average by the number of items recalled on each list. We used this weighting procedure, identical to that used by Watkins and Bloom (1999) , because older adults occasionally recalled only a small number of items on some of the lists, and thus we felt that giving a reduced weight to these lists would yield a more accurate measure of selectivity.
1
Scanning procedure T2*-weighted echoplanar (EPI) images sensitive to blood oxygenation level dependent (BOLD) contrast were collected using a 3 T Siemens Tim Trio MRI scanner at the UCLA Staglin IMHRO Center for Cognitive Neuroscience. Each 179-volume functional run lasted approximately 7.5 min; five such runs were acquired for each participant. Each functional volume consisted of 45 interleaved axial slices, TR = 2500 ms, TE = 25 ms, flip angle = 75°, slice thickness = 3.0 mm (no gap), in-plane resolution = 3.0 × 3.0 mm, matrix = 64 × 64, FoV = 192 mm. In addition, we collected matched-bandwidth T2-weighted coplanar structural scans to use as an intermediate step in spatial registration. We also collected a high-resolution structural scan (MPRAGE), using the following parameters: TR = 1900 ms, TE = 3.26 ms, flip angle = 9°, 176 slices, 1 mm 3 voxels, 18.2% slice oversampling, FoV = 250 mm, with GRAPPA acceleration. To minimize head movement during scanning, we placed extra cushions between the subject's head and the coil. Stimuli were presented using E-Prime 2.0 software (Psychology Software Tools, Pittsburgh, PA), and images were shown via either a custom-built MR-compatible rear projection system, or via MR-compatible goggles (Resonance Technology, Inc.).
fMRI data analysis Preprocessing
Analyses of EPI data were carried out using FEAT v5.98 (fMRI Expert Analysis Tool), as implemented in FSL v4.1.9 (www.fmrib.ox.ac.uk/fsl). We corrected for head motion using MCFLIRT (FMRIB's motion correction linear image registration tool; Jenkinson et al., 2002) , and also used the fsl_motion_outliers script to detect and censor any volumes with excessive head motion. Non-brain tissue was removed using BET (Brain Extraction Tool; Smith, 2002) . Grand-mean intensity normalization was applied to the 4D dataset from each run based on a multiplicative scaling factor. We applied a Gaussian kernel of 5 mm FWHM for spatial smoothing, and for temporal filtering, a high-pass filter was applied to remove low-frequency noise using a Gaussian-weighted least-squares straight-line fitting with a sigma of 100 s. Temporal autocorrelation was corrected for using prewhitening as implemented by FILM (FMRIB's improved linear model; Woolrich et al., 2001) . Functional images were registered to a coplanar structural scan, and these in turn were registered to a high-resolution MPRAGE scan using FLIRT (FMRIB's Linear Image Registration Tool) linear registration. All images were then transformed to standard Montreal Neurological Institute (MNI) space according to nonlinear parameters estimated by warping the subject's MPRAGE image to a T1 atlas using FNIRT (FMRIB's Non-linear Image Registration Tool).
Analysis
We included four different event types in the statistical model for our primary general linear model (GLM) analysis: high-value cue period, high-value word-encoding period, low-value cue period, and low-value word-encoding period. The cue period was defined based on the time period in which each value cue was on-screen, 2 s in duration, convolved with a double-gamma hemodynamic response function (HRF). The word-encoding period was defined as a separate event, based on the time period in which the to-be-learned word was onscreen, 3.5 s in duration, convolved with a double-gamma HRF. Temporal derivatives were included in the model for all four event types. Motion regressors generated by MCFLIRT and regressors coding for any motion outlier TRs were also included in the model as covariates of no interest.
A first-level GLM analysis was carried out separately for each run, followed by a second-level fixed-effects analysis, combining parameter estimates across all runs and creating a set of linear contrasts. Our primary contrasts of interest compared the BOLD signal during highvalue vs. low-value items, looking separately at the cue period data and the word-encoding period data. For whole-brain analyses across subjects, we used the FLAME stages 1 and 2 mixed effects model in FSL, with automatic outlier detection. Clusters were determined using a voxel-level threshold of Z N 2.3, with a cluster-corrected significance level of p b .05. Cortical surface renderings were created using Caret v5.65 (http://brainvis.wustl.edu; Van Essen et al., 2001 ) on the inflated Conte69 atlas in FNIRT space (Van Essen et al., 2012) , with FSL activation maps transformed from volume to surface space using Caret's interpolated voxel algorithm. Activation peaks noted in the tables were a subset of the local maxima generated for each contrast by FSL's "cluster" command, with a minimum distance of 10 mm between peaks. Labels were determined using the Harvard-Oxford structural atlas and other relevant brain atlases (e.g., Talairach and Tournoux, 1988; Brodmann, 1909) , and redundant peaks were eliminated. To search the whole brain for correlations between behavioral measures (e.g., selectivity index) and changes in BOLD signal, we included the behavioral measure as an EV in an FSL group-level model, in addition to the group mean. For region of interest (ROI) analyses, we computed Pearson correlation coefficients across participants using each individual's mean selectivity index and the mean contrast of parameter estimate (COPE) values for a given contrast in a given ROI for each participant.
To examine age differences in the effects of value throughout the brain, we included young adults and older adults in a single grouplevel analysis, assigning young and older adults to different regressors, and also labeling them as belonging to separate variance groups. Because we were specifically interested in how aging impacts the expression of value-induced activity modulations, we masked the resulting contrasts to only include voxels that showed corresponding effects in one or both age groups; voxels that failed to show significant effects in either age group were excluded. By always conducting across-group contrasts of within-subject COPE values, we avoided direct comparison of BOLD signal levels across age groups, which can be problematic due to differences in vascular reactivity (Samanez-Larkin and D'Esposito, 2008) .
To correct for multiple comparisons in our ROI analyses, we applied a Bonferroni-Holm correction (Holm, 1979) across all ROIs for which we performed a particular analysis. All effects survived this correction unless otherwise indicated. Separate analysis types (e.g., main effects vs. correlations, and cue vs. word period) were treated as independent from each other for the purposes of this correction, as were the two age groups.
In order to characterize the temporal evolution of BOLD signal within individual ROIs, we ran a separate GLM analysis modeling the data using finite impulse response (FIR) basis functions. For this model, we separated high-value and low-value trials, with each trial beginning at the time of cue onset. We modeled each trial as 10 single time points over a temporal window lasting 25 s from cue onset. Other parameters were the same as for the previously described GLM analysis. This FIR analysis generated separate parameter estimate maps for each 2.5 s peristimulus time bin for each condition, within a given run. For any given ROI, these parameter estimates could be averaged across voxels and runs, and then averaged across participants to yield group-level peristimulus time course plots.
Results
Behavioral data
We begin by examining how value affected the proportion of items recalled on the free recall tests in older adults (Table 1) .
2 A 2 × 5 (value × list) repeated measures ANOVA showed a highly reliable main effect of value (high vs. low), F(1, 20) = 30.68, MSE = .160, p b .001, η p 2 = .61 (Fig. 1A) . There was also a reliable main effect of list, F(4, 80) = 3.64, MSE = .013, p = .009, η p 2 = .15, reflecting generally poorer performance on the first scanned list compared to later lists. The value × list interaction approached, but did not reach, significance, F(4, 80) = 2.08, MSE = .012, p = .091, η p 2 = .09. Planned comparisons confirmed that high-value items were remembered better than low value items across each of the 5 scanned lists, all ts N 4.30, p b .001. We also used separate paired-samples t-tests to examine value effects on the practice lists (Table 1) . On the first practice list, there was not a reliable main effect of value, t(20) = 1.48, p = .154, but the effect of value was reliable by the second practice list, t(20) = 3.26, p = .004.
We also examined whether the proportion of items differed as a function of different point values within high-value and low-value groups in older adults, collapsing across lists (Table 2) . A one-way repeated measures ANOVA examining only low-value items showed no effect of point value, F(2, 44) b 1. On high-value items, there was a trend towards an effect of value, but this effect did not reach significance, F(2, 44) = 2.59, MSE = .010, p = .086, η p 2 = .11. In addition, the trend that was present was for better memory on 10-point items, not the advantage for 12-point items that might be expected if learners were showing sensitivity to points within the high-value group (Table 2) . These results justify collapsing across values to form dichotomous high-value and low-value conditions (note that value levels were also dichotomized in Cohen et al., 2014) . As mentioned above, selectivity index provides a useful metric to quantify the impact of item value on memory recall performance. One-sample t-tests showed that selectivity index was significantly greater than zero across each of the 5 scanned lists in our sample of older adults (all ts N 3.14, all ps b .005), and a one-way repeated measures ANOVA showed that selectivity index did not reliably change across these 5 lists, F(4, 76) = 1.06, MSE = .071, p = .38, η p 2 = .05 (Fig. 1B) . We also examined selectivity index on the two practice lists separately. On the first practice list, selectivity index was not reliably greater than zero, t(18) = 1.38, p = .184, but on the second list it was greater than zero, t(20) = 2.95, p = .008. Finally, we compared memory performance for young and older adults, collapsing items across lists. A 2 × 2 (value × age) mixed ANOVA with repeated measures on the first factor, on the proportion of items recalled, showed a main effect of age on memory, F(1, 41) = 11.65, MSE = .054, p = .001, η p 2 = .22, with older adults remembering 2 Two older adults and one young adult were excluded from the value x list analysis that follows because we only had usable data for 4 out of 5 lists from these individuals, as noted above. 3 Note that selectivity index cannot be computed for a given list if zero items were recalled on that list, as was the case for the first practice list in two participants, and on at least one scanned list for two participants, which is why df varies for corresponding analyses. fewer items than young adults (Fig. 1A) . There was also a value × age interaction, F(1, 41) = 5.34, MSE = .028, p = .026, η p 2 = .12, such that the effect of value on memory was weaker for older adults than for young adults (Fig. 1A) . Simple effect analysis using independent samples ttests shows that older adults remembered fewer high-value items than young adults, t(41) = 4.18, p b .001; older adults also recalled numerically fewer low-value items than young adults, but this effect was not statistically significant, t(41) = 1.39, p = .172, possibly due to floor effects. When comparing the weighted average selectivity index across age groups in a separate analysis, there was a trend for older adults to have a somewhat lower selectivity index (Fig. 1B) , but this difference was not statistically significant; correcting for unequal variances between groups, t(38.39) = 1.75, p = .088. In prior work using this type of task, older adults demonstrated equal or greater selectivity as young adults (cf., Castel et al., 2002 Castel et al., , 2007 Castel et al., , 2009 Castel, 2008) . One reason why older adult participants in the present study may have instead shown a mild decrement in selectivity is that they had to perform the value-directed remembering task in the fMRI scanner with an interleaved vowel-consonant judgment baseline task. The vowel-consonant baseline may have functioned as a task-switching component within the encoding paradigm, and older adults tend to have difficulty with task switching (see Verhaeghen and Cerella, 2002 , for a review). Nevertheless, as noted above, older adults showed a selectivity index that was robustly above chance across scanned blocks, regardless of any possible age-related decrement in selectivity. Thus, they still show a consistent preference for recall of high value words. Older adults' strong use of value here is broadly consistent with previous work using this task in which selectivity is retained or improved with healthy aging. Thus, we believe that it is inadvisable to overinterpret the possibility of a slight age-related reduction in selectivity; instead, we interpret our results in the context of older adults' remarkably preserved ability to selectively encode high-value items.
Whole brain fMRI analyses
Word-encoding period First, we examined main effects of value across the entire brain in older adults during the word-encoding period ( Fig. 2A ; Supplemental Table 1A ). This analysis revealed a number of areas with greater activity during encoding of high-value words than during encoding of lowvalue words, including ventral and posterior portions of the left PFC and areas of left lateral temporal, left parietal, and bilateral occipital cortex. In addition, one cluster within the angular gyrus was less active during encoding of high-value words ( Fig. 2A ; Supplemental Table 1B ), presumably reflecting default-mode network deactivation (e.g., Raichle et al., 2001) , or something akin to what have previously been termed "negative subsequent memory" effects (e.g., Otten and Rugg, 2001; Daselaar et al., 2004; Mattson et al., 2015) .
When comparing these effects to the analogous contrast in young adults, we find considerable overlap across the two age groups, including in the ventral and posterior regions of left lateral PFC ( Fig. 2B ; Supplemental Table 2A ). However, despite these commonalities, there were some notable differences. One theoretically important difference is that, while young adults show reliable effects of value in right lateral PFC, older adults do not. Theories of reduced hemispheric asymmetry in older adults (e.g., Cabeza, 2002) would make the opposite prediction.
That is, Cabeza's HAROLD model would predict that older adults should show a more bilateral pattern of activity than young adults, but in fact, older adults seem to show an even stronger left-lateralization than do young adults in this task. Thus, our data do not support the idea that older adults compensate for neural deficits by engaging the hemisphere contralateral to the one in which a task is typically performed.
Other age-related differences are also apparent. Specifically, the spatial extent of value-related activity modulations is generally less diffuse in older adults. For example, young adults show value effects in caudate nucleus that are not found in older adults. Additionally, we find statistically reliable age differences in the degree to which activity in left IFG, left superior temporal gyrus, and bilateral pre-supplementary motor area (pre-SMA) are modulated by value. Even in some portions of left IFG that show value effects in both age groups, there are regions in which those effects are reliably stronger for young adults. Finally, one cluster near the parietal/occipital junction (precuneus/cuneus) shows greater deactivation on high-value items relative to low-value items in young adults relative to older adults (Supplemental Table 2B ). This age-related difference may correspond to age-related reductions in default-mode network deactivations (cf. Persson et al., 2007) , and to age-related attenuation and/or reversal of negative subsequent memory effects (cf., Duverne et al., 2009; Mattson et al., 2015) . No other regions showed age-related differences in value effects; in other words, there were no regions for which older adults showed a stronger main effect of value than did young adults.
Exploring main effects of value is a start for understanding how encoding-related activity is modulated by value. However, this analysis does not tell us which value-related differences in activity at encoding actually lead to more selective memory for valuable items. One approach to addressing that important question would be to compare encoding-related activity for subsequently-recalled vs. subsequentlyforgotten items, separated by value. However, such an analysis turns out to be problematic in the present study, as many participants had an insufficient number of high-value forgotten items and/or an insufficient number of low-value remembered items. Older adults were particularly unlikely to remember a sufficient number of low-value words to allow us to generate reliable estimates of brain activity for those items. We thus pursued an alterative analysis approach focused on individual differences. Specifically, we computed the across-subjects correlation between value-related differences in brain activity and participants' selectivity indices. That is, we look for regions in which greater value-related differences in brain activity during encoding are associated with stronger behavioral effects of value on subsequent memory. Although we feel that this is a superior analysis strategy given the constraints inherent in our data set, for completeness sake we also performed a standard subsequent memory analysis on the data from only those individuals who had sufficient trials of each type to enable us to do so; those analyses are discussed further in the Supplemental Results.
In young adults, we previously reported a correlation between selectivity index and value-related modulation of activity in a largely leftlateralized network of prefrontal and temporal regions (Cohen et al., 2014 ). The next question, then, is whether older adults show a similar pattern of results. We indeed find that in older adults, there is a leftlateralized network of regions for which value-related differences in activity correlate with selectivity index (Fig. 3A; Table 3 ). Specifically, we find clusters consistent with this pattern in L ventral and posterior lateral PFC, L posterior lateral temporal cortex, and L pre-SMA. Thus, there is evidence that value-related modulation of semantic processing is associated with the degree of memory selectivity in both age groups. When we compare these results directly with the analogous brainbehavior correlation analysis in young adults (Supplemental Table 3 ), we do see some subtle but potentially important differences ( Fig. 3B ; Table 4 ). One area in which the correlation with selectivity is significantly stronger in young adults than in older adults is in the most anterior portion of pre-SMA (colored in cyan in Fig. 3B ). At the same time, more posteriorly in the SMA, there is an effect in older adults that is not reliably present in young adults, although here there is no reliable age difference. A cluster in the most ventral portion of the left IFG also shows a significant interaction with age, with young adults but not older adults showing a reliable correlation between selectivity index and the degree of value-related activity modulation. Additionally, the left prefrontal regions that showed the maximal correlation effects appear to be shifted in a dorsal and posterior direction in older adults as compared to young adults, although there is not a statistically significant age difference other than in the small ventral IFG cluster noted above.
Separation of word period effects by condition
It is also worth considering whether the relationship between valuerelated differences in activity and memory selectivity is being driven by high-value items, low-value items, or both, across the two age groups. Indeed, this analysis suggests another age-related difference. Specifically, in young adults, there are a number of brain regions in which increased activity during encoding of high-value items, relative to baseline, correlates positively with selectivity index ( Fig. 4A ; Supplemental Table 4A ). This analysis reveals many of the same left inferior prefrontal regions that are apparent in Fig. 3 , as well as some activity in the anterior temporal lobe and insula. In contrast, a similar analysis looking only at the relationship between low-value item encoding activity and selectivity index does not reveal any significant effects. If we extract the voxels displayed in Fig. 4A as an ROI, we find that in our young adult sample, activity in this region during encoding of high-value items is significantly greater than activity during encoding of lowvalue items, t(19) = 4.02, p b .001, and the magnitude of valuerelated difference in activity correlates positively with selectivity index, r = .65, p = .002 (note that the dependent measures used in these ROI-based analyses are distinct from that used in the ROIdefining contrast, thus avoiding potential concerns of statistical circularity). Thus, it seems likely that in young adults, the brain-behavior correlation shown in Fig. 3B is being driven largely by effects on high-value items.
In older adults, the pattern is different. There is an apparent network of regions for which activity during encoding of high-value items correlates positively with selectivity index (Supplemental Fig. 1 ; Supplemental Table 4B ); however, this network does not seem to overlap with the regions shown in Fig. 3 . Instead, the effects are largely right-lateralized, including R anterior temporal cortex and R angular gyrus, as well as bilateral ventromedial prefrontal cortex. Extracting this network as an ROI, it is clear that activity in these regions is not greater during encoding of high-value words; indeed, if anything, the trend across these regions is for numerically greater activity during encoding of low-value items, t(22) = 1.43, p = .166. In addition, while there is a trend for a positive correlation between the value-related differences in activity and selectivity index, that trend is not significant, r = .33, p = .123. Thus, whatever the meaning of individual differences in activity during high-value items in older adults, it seems unlikely that they underlie the key effects shown in Fig. 3 .
In older adults, examining activity during encoding of low-value items proves more informative. Fig. 4B (see also Supplemental Table 4C ) demonstrates a largely left-lateralized network showing a negative correlation with selectivity, which includes posterior L ventrolateral prefrontal cortex, L posterior inferior temporal cortex, and Fig. 2 , young adult effects are in blue and older adult effects are in red. Areas of overlap across age groups are in magenta, while areas active in young adults for which effects are significantly stronger in young adults than in older adults are in cyan.
L pre-SMA, as well as L hippocampus. These regions seem to largely match the areas showing a brain-behavior correlation in older adults in Fig. 3 . Indeed, when extracting this network as an ROI, we find significantly greater activity during encoding of high-value relative to low-value items in older adults in this network, t(22) = 3.63, p = .001, and a positive correlation between those differences and selectivity index, r = .67, p b .001. Thus, it seems likely that in older adults, the correlation between value-related differences in brain activity and selectivity index is being driven by reduced activity during encoding of low-value items in regions in which activity typically benefits encoding. Fig. 4B also shows a largely right-lateralized network in which activity during encoding of low-value items correlates positively with selectivity index (see also Supplemental Table 4D ). The regions showing such effects include R angular gyrus, R posterior cingulate, and R precuneus, and R ventromedial prefrontal, all areas that would seem to reflect default-mode network activity. When we extract this network as an ROI, we find greater activity during encoding of low-value relative to high-value items in these regions in older adults, t(22) = 3.28, p = .003, although there is not a significant correlation between valuerelated differences in activity and selectivity index across this network, r = − .28, p = .199. It may be that activation of these regions during low-value items is indicative of participants turning their attention inward, away from the low-value stimuli that are on screen, and that this process benefits overall selectivity.
Cue period
In young adults, we previously identified a number of regions exhibiting increased activity during the cue period of the trial when the cue signaled that the upcoming item would have high value, versus low value, if later remembered (Cohen et al., 2014) . These cue-period value effects-observed in high-level control areas such as left lateral PFC and reward-sensitive regions such as nucleus accumbensoverlapped somewhat with the network of regions showing main effects of value during the word-encoding period. Interestingly, a whole brain analysis conducted on our present sample of older adults revealed no main effects of value during the cue period; i.e., no regions showed significantly greater or lesser activity in response to high value cues. When directly comparing activity between young adults and older adults for this contrast, there were prefrontal, parietal, and occipital clusters that emerged as showing a reliable value × age interaction, such that the effects of value were larger in young adults than in older adults ( Fig. 5 ; Supplemental Table 5 ). Thus, it seems clear that older adults are much less responsive to value during the cue period than are young adults. These age differences may reflect broader age differences in the deployment of pre-stimulus encoding-related processes.
We next ran whole-brain analyses searching for any brain regions in which value-related differences in activity during the cue period were associated with individual differences in selectivity index. In neither the young nor the older adult groups did we find any reliable clusters showing correlations between value-related activity differences and memory selectivity during the value cue period, before the to-beremembered word was presented. If we assume that our acrossparticipants brain-behavior correlation analysis is roughly analogous to a more typical within-participants subsequent memory analysis, our findings differ from many earlier studies (e.g., Adcock et al., 2006; Park and Rugg, 2010; Bollinger et al., 2010; Addante et al., 2015) . Those studies emphasized how, in young adults, a stronger brain response to a pre-stimulus cue is associated with better subsequent memory for the item that appears immediately after that cue. Instead, in our paradigm, value-related differences in the brain response to the cue appear to be inconsequential for later memory in both age groups. We thus conclude that pre-stimulus preparatory activity, and any agerelated differences in the deployment of these mechanisms, is less consequential in the present paradigm than in the tasks used in prior studies (cf., Bollinger et al., 2011) .
Region of interest analyses
In order to better understand the patterns of effects seen in the whole brain analyses, we also performed ROI analyses to investigate the engagement of networks supporting semantic processing and reward during performance on this task. Our ROI analysis involved clusters of regions gathered from automated meta-analyses using the Neurosynth database (http://neurosynth.org; Yarkoni et al., 2011) . We generated "reverse inference" maps from the database for the terms "semantic" and "reward". We chose to examine the "semantic" network based on our hypothesis that preferential engagement of deep semantic processing is one important strategic mechanism for bolstering the memorability of high value words. This allowed us to define an ROI for further analyses that is not statistically dependent on our whole-brain results. We also generated a "reward" network ROI, in order to facilitate comparisons with prior relevant studies that focused on such a mechanism (e.g., Adcock et al., 2006) . Note that in both cases, we use the term "ROI" not to refer to a single focal region of interest but rather to a larger mask that encompasses several different brain areas.
The initial maps generated by the Neurosynth software included voxels that were more likely to be activated in the studies with a given index term than would be expected by chance, with an FDRcorrected threshold of p b .01. Out of 9721 total studies in the database, 701 were indexed with the term "semantic" and 497 were indexed with the term "reward". To ensure that the resulting ROIs were not excessively diffuse in their spatial extent, we applied an additional voxelwise threshold of z N 5.20, producing an alpha level of p b .0000001, onetailed. The "semantic" ROI included 4501 voxels, and produced a network that included large areas of L inferior frontal gyrus and L lateral temporal cortex (Fig. 6A) . The "reward" ROI included 3827 voxels, and produced a network including bilateral nucleus accumbens, ventral tegmental area, and ventromedial PFC (Fig. 9A ).
Neurosynth semantic ROI
We first examined how activity across the Neurosynth-derived semantic network ROI is associated with main effects of value, and how these value effects correlate with selectivity index. During the wordencoding period, activity within the semantic network ROI was reliably greater for high-value items, both in young adults, t(19) = 4.94, p b .001 (Fig. 6B) , and in older adults, t(22) = 3.55, p = .002 (Fig. 6C) . A 2 × 2 (value × age) mixed ANOVA with repeated measures on the first factor finds that the interaction between these factors approaches significance, F(1, 41) = 4.05, MSE = 107.02, p = .051, η p 2 = .09, suggesting that the effect may have been somewhat stronger in young adults. We also examined how value-induced modulation of activity in this semantic network ROI relates to selectivity index. The magnitude of value-related changes in brain activity in the semantic ROI during the wordencoding period correlated with selectivity index in young adults, r = .54, p = .015 (Fig. 6D) , as well as in older adults, r = .57, p = .005 (Fig. 6E) . These findings suggest that in both age groups, the magnitude of value-related differences in the degree to which a given individual activates semantic processing areas of the brain during word encoding correlates with how selective they are as a function of value at the time of the recall test. Consistent with the whole-brain results described above, we do, however, see interesting age-related differences when examining how encoding activity for high and low value words, relative to baseline, is differentially related to subsequent selectivity. In young adults, activity during encoding of high-value words correlated positively with selectivity, r = .52, p = .018, while activity during encoding of low-value words was uncorrelated with selectivity, r = .08, p = .736 (Fig. 7A) . We compared the two correlation coefficients via a test of dependent correlation coefficients (Steiger, 1980; Revelle, 2015) , and found that the difference is significant, t(18) = 2.60, p = .018. In older adults, activity during encoding of high-value words was uncorrelated with selectivity index, r = .04, p = .860, but activity during encoding of low-value words was significantly negatively correlated with selectivity index, r = − .48, p = .019 (Fig. 7B) . The difference between the Fig. 4 . Brain regions showing correlations between brain activity relative to baseline during the word-encoding period and selectivity index for (A) High-value items in young adults, and (B) Low-value items in older adults. Note that the regions depicted in A, and the negative regions depicted in B, largely overlap with the regions depicted in Fig. 3 . The analogous contrast to A in older adults is shown in Supplemental Material, while the analogous contrast to B in young adults showed no significant effects.
correlations is significant, t(21) = 4.69, p b .001. Thus, it seems that in young adults, selective recall is associated with stronger activation of semantic-processing regions, relative to baseline, during encoding of high-value words, while in older adults, selective recall is associated with reduced activation of semantic processing regions, relative to baseline, during encoding of low-value words.
Another important age difference emerged during the cue period. Young adults showed greater activity for high-value cues, t(19) = 2.97, p = .008 (Fig. 6B) , while older adults showed no effect of value on cue period activity, t(22) b 1 (Fig. 6C) . We also found a reliable value × age interaction during the cue period, F(1, 41) = 6.67, MSE = 149.75, p = .013, η p 2 = .14, confirming that young adults show a significantly stronger effect of value than older adults. Cue period activity did not correlate with selectivity index in young adults, r = -.03, p = .888 (Fig. 6F) , nor did cue period activity correlate with selectivity index in older adults, r = .19, p = .392 (Fig. 6G) . Thus, there were striking age differences in how value affected brain activity during the cue period, consistent with age-related differences in proactive responding to the value cue. Still, despite the fact that value-related differences in activity across this same network during the word-encoding period strongly correlated with memory selectivity, value-related differences in activation during the cue period did not appear to contribute to this selectivity. In addition to the standard GLM analysis, we used a finite impulse response (FIR) model to generate peristimulus time course plots of BOLD signal averaged across the semantic network ROI. This analysis makes no a priori assumptions about the shape and timing of the BOLD signal associated with component stages of the task. Thus, it allows for a stronger test of our contention that the apparent age differences in how value affected brain activity during different stages of the trial (cue period vs. word period) reflect a true difference in older adults' cognitive responses, rather than, for example, a generally slowed HRF in older adults. Visual inspection of Fig. 8A finds a value-related difference in activity early in the trial, 2.5-7.5 s after cue onset, in young adults, which likely corresponds to the brain response to the cue. Older adults do not appear to show a differential response during that same time period (Fig. 8B) . Later in the trial, however, 10-12.5 s after cue onset, it is apparent that both young adults and older adults show a notably stronger BOLD signal during high-value trials, compared to low-value trials. We can assume that this change in BOLD signal is in response to the appearance of the word on the screen, which occurs between 5 and 8.75 s after cue onset. From 15 s to 22.5 s after cue onset, the last part of the modeled time window, both brain activity and the value-related difference in activity is greatly reduced in both age groups. It appears that by this point in the trial, encoding-related activity for the newly-presented item is largely complete, with no agerelated slowing of the BOLD response visible in older adults.
Paired-samples t-tests on the mean parameter estimates within each time interval, with a Bonferroni-Holm correction for multiple comparisons applied for the four tested time intervals within each age group, confirm the above description of the results. There was no value-related difference in activity at the first time point (0 s) for either age group: t(19) b 1 in young adults, and t(22) = 1.36, p = .19 in older adults. In young adults, there was a significant value-related difference in activity across the average of parameter estimates from the next three time points (2.5 s-7.5 s), t(19) = 3.49, p = .002, while we did not find any such effects in older adults, t(22) b 1. A 2 × 2 (value × age) mixed ANOVA, with repeated measures on the first factor, confirms a value × age interaction, F(1, 41) = 7.09, MSE = .015, p = .011, η p 2 = .15. Thus, the FIR analysis replicates the results from our standard model-based GLM analysis, indicating that young adults show effects of value during the cue period while older adults do not. We next interrogated FIR activity estimates obtained from time points 5 (10 s) and 6 (12.5 s), which presumably reflect the brain response to the appearance of the to-be-remembered word stimuli, based on the large increase in activity relative to baseline. When parameter estimates are averaged for these two time points, young adults show a significant effect of value on BOLD signal, t(19) = 4.83, p ≤ .001, and older adults also show a significant effect of value on BOLD signal, t(22) = 3.58, p = .002. A 2 × 2 (value × age) mixed ANOVA on the average parameter estimates shows that the value × age interaction is not significant, F(1, 41) = 2.55, MSE = .026, p = .118, η p 2 = .06. Thus, both young adults and older adults show more activity during high-value items than during low-value items when responding to the to-be-encoded word, again replicating the results from our GLM analysis. Finally, we examine how value affected brain activity towards the end of each trial, 15-22.5 s after cue onset. This period is critical to rule out the alternate explanation that the HRF response to value is generally slowed in older adults. Averaging parameter estimates across the final four time points, young adults did not show a significant value effect, t(19) = 1.74, p = .098, and older adults also did not show a Regions showing greater cue period activity during high-value cues relative to low-value cues. Effects in young adults are in blue; of these areas, regions in which value effects are significantly greater in young adults than in older adults are in cyan. No areas showed value effects during the cue period in older adults. significant effect of value, t(22) b 1. A 2 × 2 (value × age) mixed ANOVA on the parameter estimates averaged across these final four time points found a marginally significant value × age interaction, F(1, 41) = 3.87, MSE = .012, p = .056, η p 2 = .09. However, the trend, if anything, is for stronger value effects in young adults, contrary to the idea of a general slowing of the hemodynamic response in older adults. Therefore, this potential alternate explanation for the observed age-related difference in the temporal extent of responsiveness to value is unlikely to explain our findings. Instead, it seems clear that the effect of value is more temporally limited in older adults than in young adults, supporting our conclusion that older adults only show differential brain activity as a function of value while the word is on-screen, and not in response to the cue.
Neurosynth reward ROI
We also examined how value affects activity in reward-sensitive regions, specifically using the Neurosynth-derived reward ROI (Fig. 9A) . During the word-encoding period, we found that young adults showed a main effect of value, t(19) = 4.14, p = .001 (Fig. 9B) , while older adults did not, t(22) = 1.45, p = .16 (Fig. 9C ). There was a trend for a value × age interaction during the word period, F(1, 41) = 4.42, MSE = 32.17, p = .042, η p 2 = .10, but the effect does not surpass the multiple-comparison-corrected α of .025. Additionally, young adults showed a correlation between selectivity index and effect of value in the reward ROI during the word period, r = .54, p = .013, while older adults did not, r = .21, p = .344. Young adults also showed a main effect of value during the cue period, t(19) = 3.15, p = .005 (Fig. 9B) , while older adults did not, t(22) b 1 (Fig. 9C) ; here, the value × age interaction was significant, F(1, 41) = 6.90, MSE = 111.78, p = .012, η p 2 = .14. However, in the cue period, there was no correlation between selectivity index and the effect of value in the reward network ROI in young adults, r = −.09, p = .699, nor in older adults, r = .11, p = .616. Young adults therefore reliably show greater activity in reward-sensitive regions during both highvalue words and during the cues that precede high-value words, relative to low-value words. These value-related differences in activity seem to affect selectivity in later recall when they happen during word encoding, but not when they precede encoding. Older adults do not show any sensitivity to value in reward-sensitive regions, suggesting that their performance on this task may be less driven by anticipation of potential future rewards than is the case for young adults.
Discussion
When faced with a daunting number of words to memorize, only some of which are deemed to be highly valuable, both younger and older adults can effectively calibrate their encoding strategy to prioritize these important items. Our fMRI results showcase how individuals of both age groups achieve this selectivity by regulating activity across a common set of left-lateralized brain regions based on the value of the words. These brain areas, which include VLPFC, posterior dorsal medial PFC/pre-supplementary motor area (pre-SMA), and posterior lateral temporal cortex, have all been associated with deep semantic processing (Binder et al., 2009; Binder and Desai, 2011) . Specifically, value-related differences in activity in these brain regions during the word-encoding period correlate with selectivity index on the later recall test. We also observe a similar pattern of effects across a semantic processing network ROI derived from the Neurosynth meta-analysis database. We acknowledge that it is impossible to directly infer psychological processes from brain activity, and we did not collect self-report measures that were sufficient to produce a clear narrative description of the strategies for which modulation by value affects memory. Still, the profile of neural activity putatively suggests that, similar to young adults (Cohen et al., 2014) , older adults are strategically controlling the degree to which they engage semantic processing during encoding of high-value items relative to the degree of such engagement during encoding of low-value items. In other words, the relative preservation of memory selectivity across the lifespan is accompanied by a general preservation in control of this semantic processing circuit.
It is notable, however, that higher selectivity indices in young adults seem to be driven largely by the degree of increased activity in semantic processing regions during encoding of high-value words, while selectivity in older adults seems to be tied more closely to what happens during encoding of low-value words. Specifically, selectivity indices in older adults seem to be higher based on how much an individual refrains from activating regions related to semantic processing during encoding of low-value words. Thus, there does appear to be an age-related difference in how, precisely, value-related modulation of activity in semantic processing regions affects later recall.
Effects during word encoding
One important piece of the semantic processing circuit that is differentially engaged depending on stimulus value is in left VLPFC, also described as left IFG. In a number of prior studies (e.g., Wagner et al., Fig. 7 . Correlations between selectivity index and brain activity within the Neurosynth semantic-processing ROI during the word encoding period for high-value and low-value items, in (A) young adults and (B) older adults. Fig. 8 . Peristimulus plots generated using an FIR model, for (A) young adults and (B) older adults, showing brain activity in the Neurosynth-derived semantic processing ROI. Error bars represent ±1 SE. Cue onset occurs at time 0, as indicated by an orange triangle; activity 2.5-7.5 s after cue onset is likely driven primarily by the brain response to the cue. Word onset was jittered, and was equally likely to occur 5, 6.25, 7.5, or 8.75 s after cue onset, as indicated by green triangles on the X axis. Activity 10-12.5 s after cue onset is likely to reflect brain response to the word.
1998; Savage et al., 2001; Paller and Wagner, 2002; Addis and McAndrews, 2006; Kirchhoff and Buckner, 2006; Miotto et al., 2006) , activation of left inferior prefrontal regions during encoding in young adults has been associated with the use of effective semantic strategies, as well as with a concomitant increase in performance on a subsequent memory test. More recent work (Kirchhoff et al., 2012; Miotto et al., 2014) has shown that older adults who are trained to engage semantic encoding strategies also show increased activity in left IFG, among other regions, during encoding. It is notable that when we compare the six activation peaks in left IFG from across those two studies (transformed from Talairach to MNI space as necessary; Lancaster et al., 2007) with our whole-brain analysis examining the correlation between value effects during encoding and selectivity index (see Fig. 3A ), we find that four of the six peaks from these prior studies overlap with significant clusters in our data, and the other two peaks are only one voxel away. Thus, although the critical left IFG effects in the mapwise brainbehavior correlation analysis do not overlap precisely across age groups, there is still solid evidence to suggest that left IFG effects in older adults reflect strategic engagement of semantic processing, similar to what we found previously for young adults (Cohen et al., 2014) .
Value-related activity differences in two other areas also show correlations with selectivity index in older adults: posterior lateral temporal cortex, including middle temporal gyrus (MTG), and pre-SMA. Prior work (e.g., Whitney et al., 2011; Wagner et al., 2001 ) has suggested that processing in both left IFG and left posterior MTG is required for tasks that involve retrieval of semantic information, particularly when the semantic associations are weak, and thus more difficult. The strong influence of pre-SMA in both age groups is also notable. Prior studies have shown that this area is specifically involved in relatively unconstrained, internally-directed semantic generation tasks. For instance, Crosson et al. (2001) found that activity in pre-SMA was more broadly apparent with self-paced covert generation of category members and less apparent when generation was experimenter-paced. Activity was further reduced when cues guided the specific exemplars that were to be produced. Similarly, Tremblay and Gracco (2006) found greater activation in pre-SMA as well as L IFG when participants were asked to generate a word from a broader relative to a narrower category space. Thus, all three of the regions in which value-related modulation of activity during word encoding correlates with selectivity in older adults are relevant to the use of self-generated semantic strategies.
Gazzaley and colleagues have found that older adults have trouble inhibiting processing of irrelevant stimuli, and that the degree to which individual older adults are able to suppress neural responses to irrelevant stimuli correlates with better short-term memory for the to-be-attended stimuli (Gazzaley et al., 2005 ; see also Gazzaley et al., 2008; Chadick et al., 2014) . These findings would seem, at first blush, to contrast with the present results, in which older adults were generally successful in modulating encoding-related activity as a function of value. However, there are important differences between our paradigm and that used by Gazzaley et al. (2005) . Most notably, participants in our task must generate retrieval cues for the to-be-remembered items in order to increase the probability that they will later be able to successfully free recall these items. It seems likely that this involves some sort of active process, such as linking semantic features of a given word with other to-be-remembered words. Participants can thus avoid being distracted by less relevant stimuli in a passive manner, by refraining from engaging semantic processing for a given word. This mechanism would seem to be very different from that evoked by the Gazzaley et al. studies, in which participants had to engage in active, top-down suppression of high-level visual processing for face or scene stimuli to avoid being distracted by attention-grabbing irrelevant stimuli (for a review of studies examining top-down suppression, see Zanto and Rissman, 2015) .
Age-related shifts in word-encoding period activity Despite general similarities in the spatial localization of behavioral and neuroimaging effects shown by older and younger adults in our data, we do find some clear differences. One reliable age difference is that, when examining areas in which value effects correlate with selectivity index, this association is reliably weaker in older adults in the most anterior portion of the pre-SMA cluster and the most ventral portion of the lateral PFC cluster. Instead, brain-behavior correlation effects seem to emerge more posteriorly in both of these areas in older adults (Fig. 3B) . Notably, prior studies have found strong white matter connectivity between pre-SMA and lateral inferior PFC, particularly in the left hemisphere (e.g., Ford et al., 2010) . This connection was recently defined as a distinct tract, called the frontal aslant tract (Catani et al., 2012) . There is evidence that this tract is important in language production, as damage to it has been correlated with reductions in verbal fluency in aphasia patients (Catani et al., 2013) . Other work has shown a rostrocaudal gradient of resting-state functional connectivity between pre-SMA and lateral PFC, such that posterior portions of pre-SMA are more strongly connected with posterior portions of lateral PFC, while anterior pre-SMA is connected with anterior portions of lateral PFC (Taren et al., 2011) . There is also reason to believe that more posterior connections between these regions are more preserved with aging, as Ford et al. reported that anatomical connections measured by diffusion tractography between left posterior IFG and posterior medial PFC were stronger, relative to more anterior connections between these regions, in older adults than in young adults. Thus, the apparent anterior to posterior shift that we observe in pre-SMA may be part of an overall posterior shift in prefrontal activity in older adults.
The shifts in relevant prefrontal activity seem largely consistent with Rajah and D'Esposito (2005) , at least in the general sense that the specific brain regions that are most effective for performing a task may be shifted in older adults due to the uneven rate at which agerelated degradation occurs in different prefrontal regions. Another potential aging-related shift in activity that has been described in previous studies is a reduction in hemispheric asymmetry in older adults (e.g., Cabeza, 2002) . That pattern would suggest that while valuerelated differences in encoding-related activity in left hemisphere regions contribute to successful encoding in young adults, older adults might engage right hemisphere regions as well. We failed to find any evidence for such a reduction in laterality. In fact, young adults show a reliable tendency towards increased engagement of right prefrontal regions during encoding of high-value items, while older adults do not (Fig. 2B) . Thus, our data suggest that older adults are showing, if anything, even stronger laterality than young adults in terms of how value affects encoding-related activity.
Pre-stimulus (cue period) effects
A striking difference between younger and older adults emerged during the value cue period, before the to-be-remembered word was presented. This difference is partially consistent with both the expectation deficit hypothesis proposed by Bollinger et al. (2011) , and with the Dual Modes of Control framework (Braver et al., 2007; Braver, 2012) . Bollinger et al. showed that older adults fail to show both the neural response and the behavioral benefit shown by young adults in response to a pre-stimulus cue that can help direct encoding. Braver et al. (2009; see also Paxton et al., 2008) showed that older adults tend to respond more reactively, while young adults respond more proactively, in a cognitive control task. Dew et al. (2012) subsequently showed that in a memory retrieval task, older adults tend to be less responsive than young adults to a cue that might lead to proactive retrieval-related processing, and instead show stronger, reactive activity in response to the stimulus itself, consistent with the Dual Modes of Control theory. The degree to which aging affects the timing of neural responses within a trial-during a pre-stimulus cue vs. during the stimulus-has not previously been examined in the context of memory encoding, however.
We find that both during the time period when the value cue is onscreen, and during the immediately following period when the word is on-screen, young adults show stronger engagement in regions related to semantic processing when the cue indicates a high point value. Older adults do not show these effects during the cue period, but they do show greater engagement of these critical semantic processing regions during the word-encoding period for high-value items. Thus, young adults are engaging PFC-mediated control mechanisms on high-value items both proactively and reactively. Older adults, on the other hand, seem to only respond reactively, waiting until they see the word that they need to encode before engaging in differential processing for high-value items.
At the same time, it is important to remember that the degree to which young adults selectively engage left prefrontal regions on highvalue items during the cue period does not seem to be associated with selectivity at recall. Thus, in this case, proactive encoding processes do not seem to be beneficial for young adults. This finding is in contrast to prior studies (Otten et al., 2006; Park and Rugg, 2010; Bollinger et al., 2010; Gruber and Otten, 2010; Addante et al., 2015) that have shown that items in which encoding-related processes are engaged proactively are more likely to be remembered on a later test. This could be due in part to the difference in our core analysis approach (i.e., acrosssubjects correlations between encoding activity and memory recall outcomes) versus that used in prior studies (i.e., within-subjects subsequent memory analysis). However, given that our analysis did reveal robust brain-behavior correlations during the word-encoding period, we believe it is more likely that the difference is attributable to the unique features of our task paradigm, which used multiple, relatively short lists and recall tests. We might predict that in other memory paradigms, age differences in the tendency to proactively engage encodingrelated activity in response to a motivationally-salient pre-stimulus cue could contribute to aging-related differences in memory, in line with the findings of Bollinger et al. (2011) . The fact that there were still such aging-related differences in brain activity in the present context also suggests that increased proactive control in younger adults does not simply arise in situations where it can effectively enhance performance, but is also present even when it is seemingly inconsequential to task performance outcomes.
Another notable age difference between young and older adults is in how reward-related regions are activated during encoding. Young adults show strong differences in activity as a function of value both prior to and during encoding (cue period and word period), which are apparent in both the whole-brain analysis and when examining the network of reward-related regions defined as an ROI using the Neurosynth database. In contrast, for older adults, activity within these regions was not modulated by item value during either the cue or the word period. Interestingly, although the magnitude of value-related activity in the reward network ROI during the word period correlated with memory selectivity in young adults, differences in value-related modulation of activity in these same regions during the cue period were not at all associated with the degree to which value affected memory selectivity on the recall test in either age group.
This finding is in contrast to prior neuroimaging studies (e.g., Adcock et al., 2006; Gruber et al., 2014) , in which successful memory of highvalue items was associated with greater activity in reward-sensitive regions prior to the appearance of the to-be-remembered item. As we note above in the context of pre-stimulus encoding effects, we cannot fully rule out the possibility that our use of a between-subjects assessment of subsequent memory, rather than a between-items assessment, accounts for differences between our study and prior work examining how value-related differences in brain activity in dopamine producing regions affects subsequent memory. However, we find two other major features of our study design to be more likely explanations. One is that our primary dependent measure was the degree to which people selectively recall high-value items on a free recall test, while prior studies have measured effects of value on recognition memory. In the procedure used here, subjects were required to recall items from successive lists, and became aware of the limited capacity of their recall ability and the need to be selective in order to maximize recall of valuable words. In this context, strategic efforts to modulate the degree to which semantic processing is engaged on high-value vs. low-value items may be a more effective way to enhance the relative memorability of high-value items than is anticipatory activation of a dopaminehippocampal circuit.
A second difference between our study and other studies of value effects on memory is that we used a very short delay between study and test, with the recall test typically beginning less than 1 min after encoding was completed for a given list. Adcock et al. (2006) tested memory after 24 h, and behavioral studies (e.g., Murayama and Kuhbandner, 2011; Spaniol et al., 2014) have demonstrated putatively dopamine-driven effects of value on memory performance that are present after a long delay of at least 24 h, but are not reliably present on a test given at a short delay, up to 10 min after study. Other neuroimaging studies (Wolosin et al., 2012; Gruber et al., 2014) have found dopamine-driven effects of value on memory after a shorter delay, within a single experimental session. Still, even in those experiments, the average delay between study and test was longer than in our paradigm, with an average delay on the order of 20 min in both studies. Thus, it is possible that a longer delay would strengthen the degree to which effects of value on anticipatory activity in the dopamine system would relate to how strongly value affects subsequent memory. Additionally, given older adults' general insensitivity to value in dopaminergic brain regions in this study, it is possible that young adults would show a greater selectivity advantage over older adults with a long delay, compared to what we observe here.
Another notable difference between our study and prior work examining how reward affects memory is that our study uses points instead of monetary rewards to motivate encoding of high-value items. However, we did find that point value cues influenced activity in rewardsensitive brain regions in our young adult participants, suggesting that they are anticipating the possibility of future reward on high-value trials. We cannot rule out the possibility that older adults are treating point-based rewards differently than they would treat monetary rewards, but given that they do still recall far more high-value items than low-value items, there is clearly a high degree of motivational salience to the point values that we provide.
It is not clear whether the lack of value-related differences in the proactive engagement of brain regions related to semantic control and reward processing is due to a strategic choice by older adults, which would suggest greater efficiency in older adults than in young adults, or whether it is due to older adults having a reduced ability to spontaneously engage encoding processes proactively. Either way, it seems that young adults may not be proactively recruiting encoding processes in a controlled way to enhance performance, but instead engage in such processes whether or not they are effective. It may be that in young adults, the engagement of proactive control processes is automatic, and not in response to task demands.
However, prior work (e.g., Braver et al., 2009; Bollinger et al., 2011; Dew et al., 2012) has also shown that older adults tend to not respond proactively to stimuli even when such responding is helpful. Thus, it seems likely that older adults' relatively preserved ability to control memory encoding in the value-directed remembering paradigm is related to the ineffectiveness of proactive modulation of encodingrelated mechanisms in this paradigm. We can then assume that older adults would likely show a greater decrement in performance than what we observe here if proactive responding to the coming stimulus were effective in achieving the task goals.
Relatedly, it is notable that the primary effective mechanism in achieving memory selectivity, value-modulated engagement of a left-lateralized fronto-temporal network associated with semantic encoding, is essentially preserved across age groups. This preservation across age groups of the most effective mechanism for controlling encoding as a function of value is likely another key piece of the puzzle as to why older adults are able to achieve largely comparable levels of memory selectivity to young adults. That is, in addition to not employing the mechanisms that appear to be ineffective in young adults, namely, proactive engagement of semantic and reward processing regions, older adults are able to successfully implement the strategy that is effective across both age groups, reactive engagement of semantic processing. Thus, it may be that to optimize the efficiency of memory performance in older adults, they should be given the opportunity to selectively and reactively engage semantic encoding processes for important information.
